ABSTRACT The control efÞcacy of clove, Eugenia caryophyllata, and eucalyptus, Eucalyptus globulus, essential oils and 15 formulations containing these essential oils alone (8, 12, and 15% sprays) and their binary mixtures (7:3, 5:5, and 3:7 by weight) against adult females of insecticide-susceptible KR-HL and dual malathion-and permethrin-resistant BR-HL strains of head louse, Pediculus humanus capitis (De Geer), was examined by using contact plus fumigant and human hair wig (placed over the head of mannequin) mortality bioassays. In contact plus fumigant mortality bioassay, essential oils from eucalyptus (0.225 mg/cm However, the efÞcacies of eucalyptus and clove oils were almost identical against females from both strains, despite high levels of resistance of the BR-HL females to d-phenothrin (resistance ratio, 667) and pyrethrum (resistance ratio, 754). In human hair wig mortality bioassay, eucalyptus oil spray treatment gave better control efÞcacy than either spray treatment with clove oil alone or their binary mixtures. Thus, eucalyptus applied as 8% sprays (15 or 20 ml) appears to provide effective protection against pediculosis even to insecticide-resistant head louse populations. Once the safety issues resolved, covering the treated hair and scalp with bath shower cap or hat would ensure the fumigant action of the essential oil.
The human head louse, Pediculus humanus capitis (De Geer) , is an obligate ectoparasite generally conÞned to the scalp and hair of the human head. Infestations are prevalent worldwide and especially more common among schoolchildren in both developed and developing countries (Gratz 1997 , Downs et al. 1999 , Burgess 2004 . Head louse infections cause pruritus, skin irritation, and sleep loss, as well as occasional secondary bacterial infection from scratching (Ko and Elston 2004) , although this insect species has not been proven to be a vector of infectious diseases (de Berker and Sinclair 2000) . Infestation by head lice has resulted in various social, mental, and economic problems, although the symptoms are relatively mild. It is estimated that 6 to 12 million people in the United States suffer from head louse infestation, and estimated costs associated with pediculosis by lice exceeds 367 million U.S. dollars annually (Gratz 1997) . Control of head louse population has been provided principally by the use of organophosphorus (malathion and temephos), carbamate (carbaryl and propoxur), pyrethrin, pyrethroid (bioallethrin, permethrin, and d-phenothrin) , and avermectin insecticides (Gratz 1997 , Burgess 2004 , Rossini et al. 2008 . Although these pediculicides are still effective, their continued or repeated use has often resulted in the development of resistance (Gratz 1997 , Downs et al. 1999 , Burgess 2004 , and increasing levels of resistance to the widely used pediculicides have resulted in multiple treatments and excessive doses, raising serious human health concerns (Gratz 1997) . The use of organophosphorus and carbamate insecticides will likely be reduced in the near future in the United States by the U.S. Environmental Protection Agency as reregistration under the 1996 Food Quality and Protection Act (USEPA 2002) occurs. These problems highlight the need for the development of selective head louse control alternatives to establish an efÞcient resistance management strategy based on all available information on the extent and nature of resistance.
Essential oils and their constituents have been suggested as alternative sources for human lice control products (Mumcuoglu et al. 2002 , Burgess 2004 , Audino et al. 2007 , Rossini et al. 2008 ) because they are a rich source of bioactive chemicals that often produce only minor adverse effects and often act at multiple and novel target sites, thereby reducing the potential for resistance. Thus, much effort has been focused on them as potential sources of commercial pediculicidal products. In particular, we initially reported that the essential oils from eucalyptus, Eucalyptus globulus (Myrtaceae) Labillardiè re, and clove, Eugenia caryophyllata (Myrtaceae) Thunberg, had adulticidal and ovicidal activities that were more potent than either d-phenothrin or pyrethrum against eggs and adult females of head lice based on the lethal time to 50% mortality (Yang et al. 2003 (Yang et al. , 2004a . Unlike the two contact pediculicides, these essential oils primarily act as fumigants with additional contact action (Yang et al. 2003 (Yang et al. , 2004a . Very little information, however, exists in relation to the pediculicidal activity of these essential oils against insecticide-resistant head lice.
In this study, we assess the pediculicidal activity of eucalyptus and clove oils against adult females of an insecticide-susceptible and dual malathion-and permethrin-resistant strains of head lice. In addition, the efÞcacy of 15 spray formulations containing eucalyptus oil alone and in combination with clove bud oil was examined using a human hair wig mortality bioassay to determine the most effective formulations because the oils possess potent pediculicidal activity (Yang et al. 2003 (Yang et al. , 2004a , and binary mixtures of some essential oils are more effective than single oil (Burgess 2004 , Rossini et al. 2008 ).
Materials and Methods
Materials. Eucalyptus and clove bud oils were purchased from Berjé (BloomÞeld, NJ). d-Phenothrin (92% purity) and 50% pyrethrum were obtained from Hanil and Biomist (Seoul, Korea), respectively. All other chemicals were reagent grade and available commercially. A human hair wig was obtained from a local hair salon.
Human Head Lice. A Korean strain of head lice (KR-HL) was maintained in vivo without exposure to any known insecticide (Yang et al. 2009 ). Genotyping of the voltage-gated sodium channel ␣-subunit gene fragments revealed that this strain does not possess the kdr-like mechanism. Considering that the kdr-like factor is a major pyrethroid resistance mechanism in head lice , the KR-HL strain appears to be substantially susceptible to pyrethroids. A dual malathion-and permethrin-resistant BR-HL strain of head lice collected from Bristol, United Kingdom, has been maintained using the in vitro rearing system with periodical selection with 0.5% malathion . Based on median lethal concentration (LC 50 ) values, the BR-HL strain was 667-and 754-fold more resistant to d-phenothrin and pyrethrum, respectively, than a susceptible KR-HL strain (Yang et al. 2009 ). The two strains were reared according to the method of Yang et al. (2009) .
Pediculicides. Fifteen spray formulations were prepared to determine the most effective pediculicidal products. The 8, 12, and 15% spray products (150 ml) containing eucalyptus or clove oils were composed of 8, 12, and 15% of the corresponding oils; 5% emulsiÞer (Triton X-100); 20% ethyl alcohol; and sterile distilled water at 67, 63, and 60% in a 200 ml polyethylene container, respectively. The formulations containing their binary mixtures are listed in Table 1 .
Contact Plus Fumigant Mortality Bioassay. A Þlter-paper contact plus fumigant mortality bioassay (Yang et al. 2003 ) was used to evaluate the toxicity of eucalyptus and clove oils against KR-HL and BR-HL females. Brießy, four to six concentrations of each oil were dissolved in 80 l of acetone and applied to Whatman no. 2 Þlter papers (5 cm in diameter; Maidstone, United Kingdom). Control Þlter papers received 80 l of acetone only. After drying in a fume hood for 2 min, each Þlter paper was placed onto the bottom section of a polystyrene container (2.5 cm in diameter by 1.2 cm). Groups of 20 females (7Ð9 d old), each fed with human blood 4 h before the test, were placed onto the Þlter paper. A few strands of human hair were placed onto the Þlter paper and the polystyrene container sealed with its original tight-Þtting lid. d-Phenothrin and pyrethrum served as positive controls for comparison in contact plus fumigant mortality bioassays.
Treated and control (acetone only) females were held at the same conditions used for colony maintenance. Mortalities were determined at 6 h posttreatment because eucalyptus and clove essential oils are fast acting (Yang et al. 2009 ). Lice were considered to be dead if body and appendages did not move when they were prodded with Þne wooden dowels. All treatments were replicated three times using 20 females per replicate.
Wig Mortality Bioassay. A human hair wig mortality bioassay was used to evaluate the efÞcacy of 15 formulations tested against KR-HL females. Groups of 20 females (7Ð9 d old) were placed onto the hair wig placed over the head of mannequin. Three volumes (10, 15, and 20 ml) of each spray formulation were applied to female head lice-infested wigs to mimic the suggested amount of conventional pediculicides used (10 Ð20 ml of emulsion or 5Ð10 ml of solution per head, Chavasse and Yap 1997) . Control wigs received corresponding Triton X-100-ethanol-water solution as essential oil, as stated above. Each wig was then covered with a plastic bath shower cap because eucalyptus and clove oils had fumigant action against eggs and adults of head lice (Yang et al. 2003 (Yang et al. , 2004a . Treated and control (emulsiÞer-ethanol-water only) wigs over the head of mannequin were held at the same conditions used for colony maintenance. Mortalities were determined at 1 h posttreatment by collecting all head lice on the wig using a Þne-toothed bamboo comb to minimize any possible adverse effects of essential oils on human scalp in practical use. All treatments were replicated three times using 20 females per replicate.
Data Analysis. Mortality percentages were transformed to arcsine square root values for analysis of variance. The Bonferroni multiple-comparison method was used to test for signiÞcant differences among the test formulations (SAS Institute 2004). Mean Ϯ SE of untransformed data are reported. The LC 50 values and slopes were calculated by probit analysis (SAS Institute 2004). Insecticidal activity was considered to be signiÞcantly different among treatments when 95% CL of the LC 50 values failed to overlap.
Results
The toxicity of eucalyptus and clove oils against KR-HL and BR-HL female head lice was evaluated by comparing the LC 50 values estimated from the direct contact plus fumigant application ( ). However, eucalyptus oil was of equal toxicity against both the KR-HL and BR-HL females, indicating a lack of cross-resistance in the BR-HL. Similar results were also observed in clove oil treatment.
The control efÞcacy of 15 formulations containing eucalyptus oil alone and in combination with clove oil against KR-HL females was examined using the human hair wig mortality bioassay (Table 3) . Responses varied according to formulation and spray volume examined. Control effect was more pronounced in eucalyptus oil spray treatment than either spray treatment with clove oil alone or binary mixtures of these essential oils at 1 h after exposure. Eucalyptus applied as 8% sprays (15 or 20 ml) appears to provide effective protection against pediculosis even to insecticide-resistant head lice. There was no mortality for the emulsiÞer-ethanol-water-treated KR-HL female head lice in the wig mortality bioassay.
Discussion
Essential oils consist of highly complex mixtures of the hydrocarbons, such as terpenes (monoterpenes, sesquiterpenes, and diterpenes), and oxygenated compounds, such as esters, aldehydes, ketones, alcohols, phenols, and oxides (Lawless 2002) . They independently or jointly contribute to behavioral efÞcacy, such as repellency and feeding deterrence, and physiological efÞcacy, such as acute toxicity and developmental disruption, against various arthropod species (Isman 2000, Ahn et al. 2006 ). In the current study, eucalyptus and clove oils were equally effective against the BR-HL strain, which was resistant to malathion and permethrin Means within a column followed by the same letter are not significantly different (P ϭ 0.05, Bonferroni method).
a % essential oil in spray formulations.
2006) and d-phenothrin and pyrethrum (Yang et al. 2009 ), compared with the insecticide-susceptible KR-HL strain. This original Þnding supports the contention that the essential oils may hold promise as novel and effective pediculicidal products even against insecticide-resistant head louse populations. Investigations on the modes of action and the resistance mechanisms of natural insecticidal products are of practical importance for head louse control because they may give useful information for future resistance management. For the control of insecticideresistant head louse population, an efÞcient resistance management strategy based on all available information on the extent and nature of resistance is needed. Mechanisms of resistance to insecticides currently used to control head lice are target site insensitivity that reduces sodium channel sensitivity to dichlorodiphenyltrichloroethane, the pyrethrins, and permethrin, and enhanced metabolism of malathion , Yoon et al. 2008 . Thus, alternative head louse control agents with novel modes of action, low mammalian toxicity, and little environmental impact are urgently needed. Certain plant preparations or their constituents are highly effective against insecticide-resistant head lice (Toloza et al. 2006 (Toloza et al. , 2008 Audino et al. 2007; Yang et al. 2009 ). For example, the toxicities of the monoterpenoids, such as camphor, linalool, terpinen-4-ol, ␣-terpineol, and 1,8-cineole, were almost identical against females from either the KR-HL or BR-HL strains of head lice (Yang et al. 2009 ). Our current Þnding that clove and eucalyptus oils are virtually equal in pediculicidal activity against both insecticidesusceptible and -resistant strains of head lice suggests that these essential oil constituents and the pyrethrum/pyrethroid insecticides neither share a common mode of action nor elicit cross-resistance. Although not yet proven, the octopaminergic and ␥-aminobutyric acid receptors have been suggested as novel target sites for some essential oil constituents by Kostyukovsky et al. (2002) and Priestley et al. (2003) , respectively.
Elucidation of the route of insecticidal action of natural insecticidal products and insecticides also provides important practical information for arthropod control, such as the most appropriate formulations and delivery means , Rossini et al. 2008 . Eucalyptus and clove bud oils contain the monoterpenoid 1,8-cineole (90%) and the phenylpropanoid eugenol (69.8%), respectively, as the major toxic constituents against adult head lice, and they primarily act as fumigants with additional contact action (Yang et al. 2003 (Yang et al. , 2004a . In the current study, we used a head wig mortality bioassay to assess the potential of eucalyptus and clove oils and their binary mixtures for use as commercial pediculicides. Eucalyptus oil treatment gave superior control than either treatment with clove oil alone or when administered as binary mixtures of these two essential oils. The decrease in pediculicidal activity of the binary mixtures of the oils might be attributed to reduced quantity of more active constituents in the mixtures without generating any synergy effects. The enhanced pediculicidal activity of mixtures of oils has been noted (Burgess 2004) , although the synergy mechanism remains to be proven. The dual contact plus fumigant action of eucalyptus oil, as demonstrated through our contact plus fumigant and wig bioassays, is of practical importance because it allows eucalyptus volatile constituents to penetrate the hair to the scalp, resulting in effective control of lice and their eggs (Yang et al. 2004b ). This fumigant action of eucalyptus oil allows for simple application and rapid control, whereas formulations such as powder or dust are usually less effective, inconvenient to apply, and may cause contact dermatitis (Rozendaal 1997) . Because eucalyptus oil is fast acting (killed within 60 min), only a short exposure period is necessary, ensuring enhanced safety.
In conclusion, eucalyptus oil elicits both fumigant and contact action on head lice and kills insecticideresistant head louse adults and their eggs. For the practical use of eucalyptus oil and its constituents as novel pediculicides or ovicides to proceed, further research is needed to establish their human safety. However, eucalyptus oil is widely used as fragrance components in detergents, soaps, cosmetics and perfumes, pharmaceutical ßavorings used in veterinary practice and dentistry, industrial additives, medicines for inhalants, and insect repellents (Lawless 2002) . Additionally, further research is required to establish its adulticide and ovicide modes of action, and develop formulations for improving its pediculicidal potency and stability, thereby reducing costs.
